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ABSTRACT 
One of the classical unsolved problems in cloud physics is the explanation of the 
observed short time between initial cloud formation and the onset of precipitation in 
warm clouds. Although a time interval of about 20 minutes is often quoted for initiation 
of warm rainfall, few field observations have carefully defined the starting or ending 
times of trade-wind cumuli development. The goals of this research are to: 1) investigate 
the characteristic time and height of warm rain formation in trade-wind cumulus using 
radar and 2) determine the sensitivity of precipitation development in shallow maritime 
cumuli to variations in giant (sea salt) condensation nuclei (GCN) and other factors such 
as cloud organization. 
The microphysical evolution of trade wind cumuli, focusing on the potential role of 
giant nuclei in influencing the ZDR signal, is characterized using data collected by the 
National Center for Atmospheric Research (NCAR) S-Pol radar during the Rain In 
Cumulus over the Ocean (RICO) field campaign. The analyzed data set consists of 76 
trade wind cumuli, observed over six days of the field project, that have been tracked 
from early echo development through rainout. Analysis days were chosen based on the 
results of Colόn-Robles et al. (2006) which show GCN concentrations are a strong 
function of near-surface wind speed. Days were chosen to insure a wind range of low-
level wind speeds. Each cloud was analyzed with a time-height section approach that 
displays the spatial and temporal evolution of the maximum equivalent radar reflectivity 
factor for horizontal polarization (Zm) and differential reflectivity (ZDRm) within each 
constant-elevation angle sweepfile, and the correlation between these two fields. Other 
measures used for the time-height analysis include ‘averaged' ZH (AZ) and ZDR (AZDR), 
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values which are calculated for entire constant-elevation angle sweeps through the cloud. 
A statistical analysis of the radar observables for the ensemble of trade wind clouds was 
performed in order to determine if a statistically significant difference in the precipitation 
evolution can be related to the initial giant aerosol concentration. 
Our results show a great deal of temporal variability in warm rain development. 
Rain initiation was observed over a wide time range, from within 30 minutes of cloud 
formation out to 170 minutes after cloud formation. The data showed a large amount of 
spread in both the time and height for rain formation, indicating giant nuclei have a 
minimal influence on warm rain development. Rather, the statistical analysis implies that 
precipitation formation in warm clouds is heavily influenced by cloud organization and 
dynamics. It was found that giant nuclei do influence the rain drop size distributions as 
larger drops were present above cloud base when the giant nuclei concentrations below 
cloud base were greater. The ZH and ZDR fields show better temporal and spatial 
correlation when the giant nuclei concentrations were greater as well. 
 iv
ACKNOWLEDGMENTS 
This research was funded by the National Science Foundation (NSF) under grants 
ATM-03-46172 and ATM-08-54954. 
First and foremost, I would like to thank my advisor, Dr. Robert Rauber, without 
whom, this research would not exist. Thank you for your guidance and patience over the 
last 3 years, the many opportunities you have given me to share my research, and your 
willingness to work with me at anytime. I greatly appreciate all of the help you have 
given me. 
I would also like to thank all the past and present members of the RICO group for 
allowing me to update you on my research week after week, for allowing me to practice 
talks on you, and for providing me with many useful suggestions that greatly improved 
the quality of this project. Many, many thanks to Dr. Larry Di Girolamo, Eric Snodgrass, 
Sabine Göke, Marilé Colόn-Robles, Jennifer Davison, Alexandra Jones, Guangyu Zhao, 
Jason Tackett, Sagnik Dey, Brian Jewett, David Plummer, and Bethany Norris. I would 
also like to extend a special thank you to Matt Freer, who was always willing to help me 
with any MATLAB problem I encountered. Thank you all.  
Additionally, I would like to thank all of my supportive friends, who were always 
willing to lend an ear to any problems and frustrations that I had. Thank you especially to 
Ann Palma and Thomas Workoff, whose encouragement and support helped more than I 
could ever say. 
Finally, I would like to thank my family. Dad, Mom, Mike, Laura, and Kathryn: 
Thank you for always believing in me. Without your love and support I would not be 
where I am today. Thank you! 
 v 
TABLE OF CONTENTS 
 
 
CHAPTER 1: INTRODUCTION................................................................................................... 1 
 
 
CHAPTER 2: ANALYSIS PROCEDURES .................................................................................. 5 
2.1 RICO Field Campaign ......................................................................................................5 
2.2 Data Processing.................................................................................................................8 
 
 
CHAPTER 3: RESULTS.............................................................................................................. 22 
3.1 Examples of the Time-Height Evolution of Clouds .......................................................22 
3.2 Quantitative evaluation of GCN on Precipitation Development ....................................28 
 
 
CHAPTER 4: DISCUSSION........................................................................................................ 48 
 
 
CHAPTER 5: CONCLUSIONS ................................................................................................... 60 
 
 
REFERENCES ............................................................................................................................. 62 
 
 1
Chapter 1 
Introduction 
Shallow marine trade wind cumuli are one of the most prevalent cloud types in the 
tropical atmosphere. Precipitation from shallow oceanic tropical convection is important 
because of its potential to impact marine boundary layer dynamics and cloud organization 
(Rauber et al. 2007a, Xue et al. 2008, Snodgrass et al. 2009), as well as modify aerosol 
distributions. Additionally, shallow tropical clouds can have direct and indirect climatic 
effects (Twomey 1974, Albrecht 1989, Pincus and Baker 1994) and regulate heat and 
moisture transported into the ITCZ, which influences the Hadley circulation (Betts 1997; 
Siebesma 1998; Stevens 2005). Excellent reviews of trade wind cumuli and their role in 
the global circulation are given by Betts (1997), Siebesma (1998), and Stevens (2005). 
Understanding how precipitation forms within shallow tropical convection, and the 
effects that precipitation has on trade wind cloud organization are necessary if we are to 
advance our knowledge concerning the role of these clouds in the climate system.  
The tendency of shallow marine trade wind cumuli to readily form rain has 
motivated research into the mechanisms of rain formation in warm clouds for more than a 
century. Despite extensive research on warm rain formation, one of the classic unsolved 
problems in cloud physics is the explanation of the perceived short time between initial 
cloud formation and the onset of precipitation in warm clouds. A time interval of about 
20 minutes is often quoted for initiation of warm rain; however, few field observations 
carefully define the starting time of trade-wind cumuli development or rain initiation 
(Paluch and Knight 1986; Knight et al. 2002, Knight et al. 2008, Reiche and Lasher-
Trapp 2010).  
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Many hypotheses have been proposed that attempt to account for the few larger 
cloud drops needed to initiate coalescence and subsequently produce rainfall in shallow 
maritime cumuli within the quoted time period of 20 minutes. One of the simplest 
mechanisms used to explain the initiation of warm rain in trade wind cumuli is the 
presence of giant (sea-salt) condensation nuclei (GCN) particles (dry radius, r > 1 µm) in 
the marine atmosphere (e.g. Woodcock and Gifford 1949; Woodcock 1953; Ochs and 
Semonin 1979; Johnson 1982, 1993; Szumowski et al. 1999; Laird et al. 2000; Lasher-
Trapp et al. 2001; Colόn-Robles et al. 2006; Knight et al. 2002, 2008, Reiche and Lasher-
Trapp 2010). Soluble sea-salts, when ingested into cloud base, can almost immediately 
begin to grow by collecting cloud drops and require little or no growth by condensation 
(Johnson 1979). If present in large enough concentrations, the presence of GCN can lead 
to the formation of large raindrops in the reported time of 15 – 20 minutes (Szumowski et 
al. 1999). 
Polarimetric radar studies have provided extra insight on the role of giant sea-salt 
particles in the formation of precipitation in warm, tropical cumuli. Radar observations 
offer nearly continual coverage over the lifetime of small cumulus and therefore have the 
ability to capture the very elusive first appearances of both cloud formation and 
precipitation initiation. Additionally, polarimetric radar measurements provide indirect 
information on droplet size and drop number concentration. The equivalent radar 
reflectivity factor for horizontal polarization (ZH) is proportional to the drop number 
concentration and sixth power of the drop diameter and is useful in estimating the size 
and number concentration of the drops while differential reflectivity (ZDR), the ratio of 
the horizontally polarized reflectivity to the vertically polarized reflectivity, gives an 
 3
estimate of the mean raindrop size. Perfectly spherical drops produce ZDR values of 0 dB 
(equal horizontal and vertical dimensions), while larger drops (diameter > 1 mm) that 
have been flattened due to aerodynamical forcing (larger horizontal cross-section than 
vertical cross-section) have ZDR values greater than 0 dB (Caylor and Illingworth 1987; 
Knight et al. 2002). 
Past polarization radar studies present evidence regarding the importance of GCN in 
the initiation of precipitation in small cumuli. Caylor and Illingworth (1987), Illingworth 
et al. (1987) and Illingworth (1988) used ZDR measurements to show that low 
concentrations of large raindrops were present simultaneously with early weak ZH echoes 
in continental cumulus, supporting the hypothesis that early large raindrops form on 
GCN. Knight et al. (2002) confirmed these findings using dual-polarization 
measurements of early radar echoes from shallow cumuli in Florida. They found that 
early radar echoes in Florida had columns of high ZDR which extended from near cloud 
top through cloud base as early ZH echoes developed near cloud top. In the middle to 
lower portions of the cloud, the ZDR signal was characteristic of raindrops with diameters 
between 1 – 3 mm.  
More recent dual-polarization radar studies by Knight et al. (2008) and Reiche and 
Lasher-Trapp (2010) found that GCN are insignificant to precipitation formation in small 
trade wind cumuli. The research presented herein will expand these studies by 
systematically looking at the variation in precipitation development in clouds where the 
GCN concentrations are known based on aircraft measurements, and vary across a range 
of values typical of the tropical marine atmosphere in which shallow convection occurs. 
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We hypothesize that if GCN are unimportant to precipitation initiation in marine clouds, 
no systematic variation in radar development will occur related to GCN concentrations. 
In this paper, data collected by the National Center for Atmospheric Research 
(NCAR) S-Pol radar during the Rain In Cumulus over the Ocean (RICO) field campaign 
are used to characterize the microphysical evolution of trade wind cumuli focusing on the 
potential role of GCN in influencing the ZH and ZDR signals. Aircraft data from the 
NCAR C-130 were used to characterize giant aerosol particle concentrations and sizes on 
all days used in the study. We will also examine the validity of the widely quoted time of 
20 minutes for precipitation development in warm, maritime cumulus. The goals of this 
research are to: 1) investigate the characteristic time and height of warm rain formation in 
trade-wind cumulus using radar and 2) determine the sensitivity of precipitation 
development in shallow maritime cumuli to variations in giant (sea salt) condensation 
nuclei (GCN) and other factors such as cloud organization. 
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Chapter 2 
Analysis Procedures 
2.1 RICO Field Campaign 
The RICO field campaign took place over the western tropical Atlantic off the 
Caribbean island of Barbuda between November 2004 and January 2005. A detailed 
description of the field campaign can be found in Rauber et al. (2007). RICO’s primary 
objective was to understand the processes related the formation of rain in shallow trade 
wind cumulus. Clouds in this region usually approach from the east-northeast over the 
open waters of the Atlantic and northeast Caribbean Sea and are unaffected by land. The 
shallow, trade wind cumuli studied in RICO exhibited little variation in cloud-base height 
and temperature, and all had tops below the freezing level. Many of the trade wind 
cumuli analyzed in this study were associated with cloud mesoscale formations. Figure 1 
shows three common cloud mesoscale organizations that were observed during RICO 
(Snodgrass et al. 2009). Visual inspection of the satellite data showed that wind-parallel 
cloud streets in Fig. 1a were very common, but inspection of the radar dataset showed 
that they rarely produced detectable rainfall. Small cumulus clusters (Fig. 1b) were not as 
common as wind-parallel cloud streets but produced light to moderate rainfall. Finally, 
shallow cumulus clusters arranged in arc-shape formations (Fig. 1c) were found to 
produce significant precipitation compared to the other two formations (Snodgrass et al 
2009). Further information on the characteristics of the environment of precipitating 
cumulus is presented in Snodgrass et al (2009) and Nuijens et al. (2009). 
A variety of instrument platforms collected data on trade wind cumulus during 
RICO. Data from the National Center for Atmospheric Research (NCAR) S-Pol radar  
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Figure 1. Typical cloud organization: (a) wind-parallel cloud streets, (b) small cumulus 
clusters, and (c) cumulus clusters along propagating cold pools. From Snodgrass et al. 
2009. 
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(hereafter the “radar”), the National Science Foundation (NSF)/NCAR Hercules C130Q 
(hereafter the “C130”), and the Earth Observing Laboratory (EOL) GPS Advanced 
Upper-air Sounding system (GAUS) are used in this research. 
The dual-polarization, S-band (10 cm) radar was located on Barbuda for the 
duration of RICO and scanned continuously over the open waters of the Atlantic Ocean 
and Northeast Caribbean Sea. Specifics of the S-band system are listed in Table 1. The 
scanning strategy was designed to capture the complete life cycle of a cloud at a high 
temporal resolution as the cloud progressed across the radar domain. The radar used two 
types of constant-elevation angle sweeps: plan position indicator (PPI) scans swept 180° 
sectors at elevation angles ranging from 0.5° to 16.8° and surveillance (SUR) scans swept 
360° sectors at 0.5° in elevation approximately every 20 minutes. Volume scans had 9-10 
constant-elevation angle sweeps (Figure 2a), with the entire volume scan taking 3-4 
minutes to complete. Individual clouds were kept in view for as long as possible by 
aligning the mid-angle of the sector perpendicular to the mean echo track of the cloud 
field. The dual-polarization capabilities of the radar allowed for measurements of the 
equivalent radar reflectivity factor for horizontal polarization (ZH), differential 
reflectivity (ZDR), and radial velocity (VR).  
The C130 aircraft operated over the Atlantic east of Barbuda and sampled the same 
cloud field observed by the radar (Rauber et al. 2007). Giant particle concentrations 
(diameter range 3.1 – 46.5 µm), most likely deliquesced sea-salt aerosol, were measured 
with the Particle Measuring Systems Forward Scattering Spectrometer Probe (FSSP) at 
the beginning and end of each flight during 60 km diameter circles flown 100 m above 
the ocean surface. Low level wind speeds and vertical air velocity was calculated using 
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the C130 five hole nose cone in conjunction with inertial and Global Positioning System 
(GPS) measurements and averaged over the same flight segments as the FSSP data 
(Colόn-Robles et al. 2006). Radar data from six missions, chosen to represent the full 
range of giant particle concentrations observed during RICO, were used in this research.  
Additionally, the Earth Observing Laboratory (EOL) GPS Advanced Upper-air 
Sounding system (GAUS) soundings were launched 2-4 times per day from Spanish 
Point, a spit of land on the southeast tip of Barbuda. This data was used to calculate the 
height of the lifting condensation level (LCL). 
 
2.2 Data Processing 
Individual clouds were selected for analysis based on the following criteria: 1) the 
first appearance and earliest growth stage must be distinct and isolated from other cloud 
echoes 2) development must occur within 60 km of the radar, and 3) the cloud must reach 
a precipitation echo of at least 15 dBZ. Clouds that met these three criteria were tracked 
from their first appearance until they were no longer detected by the radar. The analysis 
was terminated early if clouds grew into larger systems, lost individual identity, or moved 
out of favorable radar range. In all, 76 clouds over six days were identified that met these 
criteria. 
The full volume data encompassing each cloud was extracted for further processing 
using the NCAR SOLOII graphics editing software (Fig. 3) (Oye et al. 1995). All sweep 
files for each cloud that was tracked were edited for all times that the cloud could be 
identified. The isolated sweep files were then converted from DORADE format to 
netCDF format and re-plotted in Cartesian coordinates for further editing (Fig. 2b). 
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Table 1. Radar characteristics during RICO 
 
S-Band Polarization Radar (S-Pol) Characteristics during RICO 
Wavelength 10.62 cm 
Receivers (2) H & V simultaneously 
Noise power -115.5 dBm 
Antenna Parabolic, center feed 
Beamwidth 0.91 degrees 
Scan rate Up to 18°/s each axis, 30°/s with pulley 
change 
Data system NCAR designed VME system (VITAQ) 
Gate spacing 150 m 
Number of samples 50 pulses per beam 
Recorded variables 
Doppler radial velocity (VR) , Equivalent 
radar reflectivity factor (ZH), Differential 
radar reflectivity (ZDR) 
Latitude 17.60750 
Longitude -61.82395 
Altitude 7 m 
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Figure 2. (a) Volume scanning strategy through an isolated cloud during RICO. (b) 
Equivalent radar reflectivity factor (ZH, in logarithmic units) from a single elevation scan 
at 5.8° from a cloud observed on 14 Jan 05 at 20:23:13 UTC. The value indicated on 
Panel B is the maximum value of ZH (Zm) identified within the cloud at this elevation 
angle. (c) Time-height diagram of Zm showing the evolution of Zm for all scans thorough 
the target cloud. Circled black dot indicates the time and height of Zm in (B).  
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First, a noise filter was applied to the measured power, such that returned power 
values less than -114 dBm were removed. This threshold was chosen based on the spatial 
coherence in the Doppler velocity field and the location of the break from Gaussian in the 
frequency distribution of the measured power (Snodgrass et al. 2009). 
Sea-clutter was not a problem because the radar site was chosen such that a direct 
path from the antenna to the sea was blocked by a 10 m high ridge on the east side of 
Barbuda. However, non-meteorological echoes, primarily due to Frigate birds (Fregata 
magnificens), were a common occurrence. These birds, which have a 2 m wing span and 
are capable of flying to altitudes of 2500 m, produced ZDR signatures that ranged from 
greater than 4 dB to below -2 dB depending on their horizontal or vertical tilt. The birds 
produced a wide range of VR signatures that varied depending on whether they flew 
actively or passively, and along or across the beam. A series of filters were developed 
and tested, and then applied to the radar data to objectively remove pixels contaminated 
with these bird echoes. When the filters were tested, the filtered data were viewed 
manually to insure that non-meteorological echoes were being removed from the ZH and 
ZDR fields. The final filtering process (Fig. 4 and Table 2) was our best solution to 
remove anomalous values of ZH and ZDR without deleting important meteorological data. 
Before filtering, a matrix of values consisting of the standard deviations of the 
unfiltered logarithmic ZDR values on each sweep (s) at each time (t) within the cloud for 
the lifetime of the cloud, (σZDR-u(s,t)), was calculated. 
The first filter was then applied to remove ZH,ZDR, pairs where ZDR ≥ 1 dB and 
ZH < 0 dBZ. The second filter eliminated ZH,ZDR pairs where the ZDR value was less than 
-1 dB or greater than 3 dB. Values filtered using these criteria should not occur in drizzle. 
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A third filter was then applied to data that survived the first two filters. Birds often 
produced VR values substantially different from those in the cloud and rainshaft. Because 
of the small size of trade wind clouds, pixels in uncontaminated clouds normally had 
nearly identical VR on a single sweep. To remove bird echo, pixels that had a VR value at 
least 3.5 ms-1 different than the median velocity within the cloud on a single sweep were 
removed. The 3.5 ms-1 value, chosen after considerable testing, was found to be the best 
value to retain the cloud signal while removing clearly anomalous data. 
A fourth and final filter was applied based on the standard deviation of the 
logarithmic ZDR field. First, a matrix of values consisting of the standard deviations of the 
filtered logarithmic ZDR values on each sweep (s) at each time (t) within the cloud for the 
lifetime of the cloud, (σZDR-f(s,t)), was calculated. The maximum value of σZDR-f(s,t) 
within the matrix, (σZDR-f(max)), was determined. The filter was applied only to sweeps 
where σZDR-u(s,t) > σZDR-f(max). When this condition was true, pixels with 
ZDR = 3 × σZDR-f(s,t) were removed. 
Once all sweep files composing a cloud were filtered, the maximum equivalent 
reflectivity factor (Zm) and differential reflectivity (ZDRm) on each sweep were recorded 
(Fig. 2b,c). For sweeps where Zm > 7 dBZ, the correlation coefficient (ε) between ZH and 
ZDR values on each sweep for all sweepfiles composing the cloud was calculated. A 
threshold of 7 dBZ was chosen to minimize the impact of Bragg scattering returns that 
result from small-scale variations in the refractive index due to temperature and moisture 
gradients (Knight and Miller 1993). In clouds dominated by Bragg scattering, there 
should be no correlation between ZH and ZDR. Snodgrass et al. (2009) examined the 
transition between Bragg and Rayleigh scattering using collocated satellite and radar data 
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Figure 3. Equivalent radar reflectivity factor (ZH) depicted in SOLOII. (a) Entire cloud 
field. (b) Isolated trade wind cumulus. 
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Figure 4. Visualization of the filtering process for a single cloud sweep. Supplementary 
information on the filtering process is provided in Table 2. (a),(b) The unfiltered ZH (a) 
and ZDR (b) data for an individual PPI sweep file plotted in Cartesian coordinates (c),(d) 
The ZH and ZDR data after the first two filters (Table 2. 2 and 3) are applied. (e),(f) The 
ZH and ZDR data after the third filter (Table 2. 5) is applied. (g),(h) The ZH and ZDR data 
after the fourth filter (Table 2. 8) is applied.  
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Table 2. Synopsis of filtering process in all sweep files in the lifetime of a single cloud. 
Filtering Process 
1) Calculate the standard deviation of 
ZDR for each unfiltered single elevation 
sweep (s) for each time (t) for the lifetime 
of the cloud 
The standard deviation, σZDR-u(s,t), was 
calculated on the logarithmic values of 
ZDR, not the linear values. This approach 
was an essential element to the filtering 
procedure that follows.  
 
2) Apply first ZDR filter to unfiltered 
data on each single elevation sweep 
 
Remove pixels with ZDR ≥ 1 dB & ZH < 0 
dBZ 
3) Apply second ZDR filter to surviving 
filtered data on each single elevation 
sweep 
 
Remove pixels with -1< ZDR < 3 dB 
4) Calculate median radial velocity of a 
single elevation sweep of a cloud using 
surviving filtered data 
VRM 
5) Apply median radial velocity filter to 
surviving filtered data 
Remove pixels with values of radial 
velocity, VR, ±3.5 ms-1 different from VRM  
6) Calculate the standard deviation of 
ZDR for each filtered single elevation 
sweep (s) for each time (t) for the lifetime 
of the cloud 
σZDR-f(s,t) 
7) Determine the maximum value of 
σZDR-f(s,t) occurring on any sweep at any 
time  
σZDR-f(max) 
8) Apply final ZDR standard deviation 
filter only to sweeps where  
σZDR-u(s,t) > σZDR-f(max) 
Remove pixels with ZDR = 3* σZDR-f(s,t)  
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from RICO (Fig. 5). They showed a distinct break around 5 dBZ, confirming earlier 
findings of Knight and Miller (1998). In this work, we chose a more conservative value, 7 
dBZ, to insure that the returned echo was dominated by Rayleigh scattering from 
raindrops. We note that Knight et al. (2008) stated that poor correlation was common 
between the ZH and ZDR fields in clouds observed during RICO. In this work we show 
that ε exceeded 0.5 in 61% of the clouds studied, and exceeded 0.7 in 16%. We use ε to 
infer information about microphysical processes.  
Knight et al. (2008) calculated the ‘average’ values of ZH and ZDR (AZ and AZDR) 
that would result if single radar pulse volume were fitted in space to a whole sweep. For 
comparison with Knight et al. (2008) and as an additional diagnostic we have also 
adopted this approach. Equations for estimating the total sweep or areal (AZ and AZDR) 
values, presented in Knight et al. (2008), are:  
 
 
where ZV refers to the equivalent radar reflectivity factor for vertical polarization. As in 
Knight et al. (2008), the weighting factor wa in these equations was set to unity. Since ZH 
and ZDR are recorded as logarithms, obtaining the ‘average’ values required recalculating 
the recorded data back to linear Z, both horizontal and vertical, and then calculating 
forward again (Knight et al. 2008). 
Cloud base temperature, pressure, and height were estimated using sounding data 
closest to the radar time. The pressure, temperature, and dewpoint temperature near the 
50 m level, an empirical formula for the temperature of cloud base (Inman 1969), the dry 
adiabatic lapse rate and the hydrostatic equation were used to calculate these variables  
)/log(10 ∑∑=
Area
aH
Area
a wZwAZ
)/log(10 ∑∑=
Area
VaH
Area
aDR ZwZwAZ
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Figure 5. Cloudy and clear sky reflectivity distributions as a function of radar reflectivity 
determined from collocated radar and satellite data from RICO. From Snodgrass et al. 
2009. 
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(Laird et al. 2000). The average cloud base was 556 ± 155 m, with the highest and lowest 
cloud base altitudes at 836 m and 243 m, respectively. 
The characteristic time (CT) for precipitation development was adapted from Göke 
et al. (2007) and defined as the length of time between cloud initiation, ‘time zero’, and 
the first occurrence of a chosen radar variable threshold (Fig. 6). ‘Time zero’ in cloud 
formation was difficult to define using S-band radar alone because the sensitivity of the 
radar allowed coherent echoes to be observed from both precipitation and Bragg 
scattering. Figure 5 from Snodgrass et al. (2009) indicates when a growing cloud will be 
detected by the radar. The results of their study indicate that the cloud is indistinguishable 
from the background noise when ZH < -5 dBZ. Our analysis of the radar data confirmed 
these results as developing clouds could rarely be clearly detected until the first 
occurrence of -5 dBZ. At close ranges the sensitivity of the radar extended below -20 
dBZ (Knight et al. 2008) allowing some clouds to be tracked even further back in their 
lifetime. For this study, ‘time zero’ was defined as the time of the 0.5° sweepfile one 
volume scan before the cloud was first detected by the radar, which assumes that even 
though the cloud was not detected by the radar at this time, it was still present and 
initially forming.  
The end of the CT interval was distinguished by the first appearance of a chosen 
threshold above cloud base in one of the following variables: ZH, ZDR, AZDR, or ε (Table 
3). The reflectivity thresholds were chosen to represent different stages of precipitation 
development within the cloud whereas the ZDR and AZDR thresholds were chosen to study 
the first appearance of large drops in precipitation development. The ε thresholds were 
chosen to study the correlation between the ZH and ZDR fields. The height above cloud  
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Figure 6. Definition of CT with radar images corresponding to the different stages of 
cloud development. (See colorbar in Fig. 3 for values of ZH.) 
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base at which the final radar variable threshold was reached was defined as the 
characteristic height (CH) for precipitation formation. Based on these criteria, a 
characteristic time and height for precipitation development was determined for each of 
the clouds analyzed in this study. 
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Table 3. Thresholds chosen for end of CT interval. 
Radar variable thresholds: End of the CT interval 
Variable Threshold 
ZH 10, 20, 30 dBZ 
ZDR 1, 2 dB 
AZDR 1 dB 
ε 0.5, 0.7 
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Chapter 3 
Results 
3.1 Examples of the Time-Height Evolution of Clouds 
The microphysical evolution of each cloud was visualized using a time-height 
section approach that was developed by Battan (1953) as a way to study precipitation 
evolution in convective clouds. Figures 7-12 are examples of time-height cross-sections 
that display the temporal and spatial evolution of Zm (Figs. 7-12, 1st plot), ZDRm (Figs. 
7-12, 2nd plot), ε (Figs. 7-12, 3rd plot), AZ (Figs. 7-12, 4th plot), and AZDR (Figs. 7-12, 5th 
plot). The black dots in Figs. 7-12 are the irregular grid of actual data points of Zm (Figs. 
7-12, 1st plot), ZDRm (Figs. 7-12, 2nd plot), and ε (Figs. 7-12, 3rd plot) from each sweep 
file. The black dots in the 4th and 5th plots in Figs. 7-12 represent the mid-time of each 
sweep file for which AZ and AZDR was calculated. The contours are the irregular data 
interpolated to a Cartesian grid. 
A significant amount of variation was observed in the microphysical evolution of 
the 76-cloud dataset. Figure 7 displays a cloud that developed precipitation very slowly; 
specifically, the 10 dBZ threshold is reached 1 hour and 5 minutes after cloud initiation. 
The radar reflectivity echo, which was initially very shallow (~1500 m), experienced 
vertical development throughout the lifetime of the cloud, reaching a maximum altitude 
of approximately 4000 m. Once precipitation development began it progressed rapidly, as 
the cloud reached a maximum lifetime reflectivity of about 40 dBZ 15 minutes after 
precipitation initiation. The time-height cross-section also shows that large raindrops 
were present during precipitation development – ZDR values of 2 dB and AZDR values of 
approximately 1 dB were eventually reached; however, the largest drops were not present  
 23 
 
Figure 7. Example of time-height diagrams chosen to show the variability observed in 
the microphysical evolution of the 76-cloud dataset. The black dots are the irregular grid 
of actual data points of Zm, ZDRm and ε from each sweep file. The black dots in the AZ 
and AZDR plots represent the mid-time of each sweep file for which AZ and AZDR was 
calculated. The contours are the irregular data interpolated to a Cartesian coordinate grid. 
 24 
at precipitation initiation. Instead, they were concurrent with the later stages of 
precipitation development, and appeared around the same time as the largest values of ZH. 
The 1 ZDR threshold was reached approximately 3 minutes before the 30 dBZ threshold 
and the 1 AZDR threshold occurred approximately 6 minutes later. The largest AZDR 
values (~1 dB) were present nearer to the base of the cloud around the same time as the 
maximum reflectivity. 
Figure 8 displays the microphysical evolution of a cloud that develops much 
differently than the cloud in Figure 7. In this cloud, rain developed quickly, reaching the 
10 dBZ threshold within 22 minutes of cloud initiation, and producing ZH values of 45 
dBZ within a half an hour of cloud initiation. The vertical development of the 
precipitation echo increased rapidly after rain initiation, reaching an altitude of 
approximately 4000m, and slowly decreased in altitude throughout the lifetime of the 
cloud. The largest raindrops once again lagged the first appearance of rain by 
approximately 4 minutes; however, they do appear before the largest values of ZH. The 
large drops were found throughout the depth of the cloud around 16:25 UTC, with the 
largest drops closer to cloud base (LCL at 519 m) than cloud top. The AZDR field also 
shows that the largest concentration of large drops (AZDR ~ 1.5 dB) were found close to 
cloud base approximately 30 minutes after cloud initiation. 
Both of the clouds mentioned above had significant lifetimes, existing for almost 2 
hours. Some clouds, such as the cloud in Figure 9 which existed for only an hour, had 
much shorter lifetimes. A significant variation was also seen in vertical development of 
the trade wind cumuli. Figures 9 and 10 show clouds that have similar maximum lifetime 
reflectivities of approximately 30 dBZ, but the maximum reflectivities occurred at  
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Figure 8. Time-height cross section depicting a cloud on 16 Jan 05. Same format as Fig. 
7. 
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Figure 9. Time-height cross section depicting a cloud on 19 Jan 05. Same format as Fig. 
7. 
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Figure 10. Time-height cross section depicting a cloud on 19 Jan 05. Same format as Fig. 
7. 
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3500 m and 2500 m, respectively. The ZDR fields differ significantly as well; the cloud in 
Fig. 9 has a maximum ZDR value around 2 dB while the cloud in Fig. 10 reaches 
maximum ZDR value around 1 dB. 
An interesting occurrence that was observed in many of the RICO clouds was a 
pulsation in precipitation. Figure 11 gives an example of a cloud that developed rain three 
different times within the cloud’s lifetime. Most of the clouds that pulsated did so only 
twice. Figure 12 displays the unfiltered version of the cloud in Fig. 11 and shows an 
example of the Frigate bird echoes which appear in the ZDR and AZDR diagrams. 
 
3.2 Quantitative evaluation of GCN on Precipitation Development 
To quantitatively evaluate the effect of GCN on precipitation development, the data 
were separated into distinct populations based on the findings of Colόn-Robles et al. 
(2006). Using the giant aerosol concentrations and low-level wind speeds from 100 m 
above the ocean surface, Colόn-Robles et al. (2006) showed that low level GCN 
concentrations are a strong function of near-surface wind speed; specifically, higher 
concentrations of particles were present at stronger wind speeds (Fig. 13). Using these 
results, six days of the field campaign were chosen with varying low-level wind speeds 
(Table 4), and therefore distinct GCN concentrations, for data analysis. 
In the next step of analysis, scatter plots of characteristic time (CT) versus 
characteristic height (CH) were used to visualize the time and height at which the clouds 
in each of the 6 cloud populations reached one of the chosen microphysical thresholds 
(Figures 14 – 16). Each point in these diagrams represents the time and height at which 
an individual cloud reached a specified threshold. Figure 14a displays the time and height 
 29 
 
Figure 11. Time-height cross section depicting a cloud on 14 Jan 05. Same format as Fig. 
7. 
 30 
 
Figure 12. Time-height cross section depicting the unfiltered cloud in Fig. 11. Same 
format as Fig. 7. 
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Figure 13. Haze particle concentrations measured 100 m above the ocean surface with 
the FSSP in clear air regions as a function of wind speed. The circles denote mean values 
and the bars denote standard deviations. From Colόn-Robles et al. 2006. 
 
 32 
Table 4. The mean 100 m wind speeds for both morning and afternoon circles as 
measured by the C130. Adapted from Cόlon-Robles et al. 2006. 
Date Morning (ms-1) Afternoon (ms-1) 
19 Jan 05 5.7 6.6 
17 Dec 04 6.7 6.9 
16 Jan 05 9.5 10.5 
11 Jan 05 10.5 10.8 
7 Jan 05 12.8 12.8 
14 Jan 05 13.2 13.7 
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at which the cloud populations reach the 10 dBZ radar reflectivity threshold, representing 
the first occurrence of rain within the cloud. This plot in particular presents an 
opportunity to address the widely quoted claim that precipitation development occurs 
within 15-20 minutes of cloud initiation in shallow, trade wind cumuli. While the results 
show that these clouds can develop precipitation in as little as 12 minutes (Fig. 14a), and 
significant amounts of precipitation within 22 minutes (Fig. 14c), they also reveal that 
precipitation initiation in shallow marine cumuli has a much wider time range that 
depends on many processes, only some of which are likely to be microphysical, as the CT 
for precipitation formation in some clouds was as large as 170 minutes. Considering the 
cloud population on the 14th of January alone (Fig 14a, blue triangles), we see that the 
time and height at which precipitation forms, even on a single day, is far from uniform. 
The spread in CT and CH implies that something more than GCN concentrations are 
affecting precipitation development. The scatter in CH also indicates that the 
collision/coalescence process is occurring at all elevations within the cloud. 
Figures 14a-c show the temporal and spatial evolution of warm rain development in 
trade wind cumulus clouds. A large portion of the initial cloud sample (62 out of 76 
analyzed clouds) was observed to reach the 30 dBZ threshold, despite the differences in 
initial GCN concentrations. Once rain develops within a cloud, i.e. the 10 dBZ threshold 
is reached, the 20 and 30 dBZ reflectivity threshold occur in significantly less time than 
precipitation initiation. This indicates that once the collision/coalescence process begins, 
precipitation development intensifies rapidly. 
Visualizing the distinctness of each cloud population was difficult in Figs. 14a-c 
due to the amount of scatter in the data. An easier way to look at the separation in cloud 
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Figure 14. Scatterplots of CT vs CH. (a) Markers represent the time and height at which individual clouds reach the 10 dBZ threshold. 
(b) Same as (a) but for 20 dBZ threshold. (c) Same as (a) but for 30 dBZ threshold. (d) The 1st, 2nd, and 3rd marker for each group 
represents the mean time and height at which the cloud population reaches the 10, 20, and 30 dBZ thresholds, respectively. The bars 
denote the standard deviations in both time and height.  
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populations is shown in Fig. 14d, which displays the mean time and height at which 
clouds in a certain population reach a given threshold. One observation that becomes 
clear from this figure is the separation of the population of clouds on 17 Dec 04 from the 
rest of the cloud populations. Furthermore, Fig. 14d shows a decreasing trend in altitude 
toward higher reflectivity thresholds with the exception of 14 Jan 05, where each 
reflectivity threshold is reached at a higher altitude than the last. This figure also shows 
that mean CT decreases with increasing low level wind speed for each reflectivity 
threshold with the exception of 19 Jan 05. The cloud population on this day, which has 
the weakest low-level wind speeds, has precipitation development times similar to 14 Jan 
05. 
The characteristic times and heights at which the largest drops in the clouds are first 
observed are indicated by the 1 ZDR, 2 ZDR and 1 AZDR thresholds in Figures 15a-c. 97% 
of the dataset (74 of 76 clouds) reach the 1 ZDR threshold (Fig. 15a), while only 43% of 
the dataset (33 of 76 clouds) reach the 2 ZDR threshold (Fig. 15b). Most of the clouds that 
reached the 2 ZDR threshold occurred on the days with the strongest low-level wind 
speeds. At least one cloud from each of the 6 analyzed days reached the 2 ZDR threshold; 
however, the data shows that on days with weak low-level wind speeds the 2 ZDR 
threshold is only reached after the entire growth trajectory of a droplet. 26% of the 
dataset (20 of 76 clouds) reach the 1 AZDR threshold (Fig. 15c). With the exception of 
one cloud on 17 Dec 04, the remaining clouds that reach the 1 AZDR threshold occur on 
days that have low-level wind speeds > 10 ms-1. 
A little over half the dataset, 46 of 76 clouds, reached the 0.5 ε threshold (Fig. 16a), 
and 16% of the dataset (12 clouds) reached the 0.7 ε threshold (Fig 16b). Low-level wind  
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speed played a significant role in the degree of association between the ZH and ZDR fields; 
clouds that reached the 0.7 ε threshold occurred on days with the strongest low-level 
wind speeds (with one exception from a cloud on 17 Dec 04). 
The non-parametric multi-response permutation procedure developed by Mielke et 
al. (1981) was used to determine the statistical significance in the precipitation evolution 
that could be related to the initial giant aerosol concentration. This procedure uses a 
resampling technique to determine the level of significance of data clustering in datasets 
for which the underlying distribution is unknown (e.g. the data are not normally 
distributed). For each pair of cloud populations where enough data was available, we 
tested the null hypothesis that the observed clustering of the data was a chance random 
event; that is, the average distance between members of each observed population was 
not significantly different from all the other possible groupings of the same data (Göke et 
al. 2007). Table 5 summarizes the results of the statistical test. Column 1 of Table 5 
indicates the pairs of cloud populations tested and columns 2 – 9 report the probability 
value (p value) that the two populations of clouds have significantly different 
characteristic behavior, that is, they separate into disjoint populations. If a cloud 
population had less than 2 clouds the statistics could not be calculated and those areas of 
Table 5 were left blank.  
The statistical results reveal that most of the cloud populations are not statistically 
disjoint. In total, 87 statistical tests were run for all pairs of cloud populations and at all 
of the thresholds where enough data was available. Twenty-three pairs were significant at 
a 95% confidence interval and 33 were significant at a confidence interval of 90%. For 
example, statistical comparisons of the cloud population on 14 Jan 05 with the cloud  
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Figure 16. Scatterplots of CT vs CH. (a) Markers indicate the time and height at which 
individual clouds reach the 0.5 ε threshold. (b) Same as (a) but for 0.7 ε threshold. 
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Table 5. Results of the non-parametric multi-response permutation procedure. The values 
in this chart are the calculated probability (p-values) that the data partitions are not 
disjoint. 
15 Pairs 10 dBZ 20 dBZ 30 dBZ 1 ZDR 2 ZDR 1 AZDR 0.5 ε 0.7 ε 
14 & 7 0.97 0.23 0.0007 0.67 0.499 0.152 0.167 0.54 
14 & 11 0.61 1.00 0.20 0.0519   0.43  
14 & 16 0.16 0.32 0.026 0.11 0.15 0.42 0.66  
14 & 17 0.0066 0.0074 0.00019 0.0026 0.57  0.048  
14 & 19 0.77 0.37 0.085 0.73 0.08  0.014  
7 & 11 0.46 0.34 0.50 0.0153   0.87  
7 & 16 0.11 0.014 0.059 0.053 0.608 0.018 0.21  
7 & 17 0.001 0.0024 0.0017 0.0007 0.48  0.027  
7 & 19 0.55 0.85 0.92 0.35 0.11  0.0098  
11 & 16 0.77 0.78 0.63 0.477   0.65  
11 & 17 0.057 0.13 0.19 0.186   0.46  
11 & 19 0.30 0.46 0.60 0.305     
16 & 17 0.023 0.039 0.078 0.13 0.44  0.23  
16 & 19 0.14 0.086 0.26 0.419 0.028  0.018  
17 & 19 0.082 0.05 0.057 0.048   0.15  
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populations on 7, 11, 16 and 19 Jan 05 at both the 10 and 20 dBZ thresholds yields 
p values greater than 0.16, which at the 10% level of significance indicates the realized 
partitions are not significant.  
A few trends were observed in the statistical results. First, the population of clouds 
on 17 Dec 04 stood out as being visually distinct from all other cloud populations (Fig. 
14d). The statistical results in Table 5 confirm that this population of clouds is 
significantly different from the other cloud populations at each of the chosen thresholds, 
with a few exceptions. Figure 17, which depicts CT versus CH for each cloud population 
compared to the cloud population on 17 Dec 04 (weak low-level wind speeds) at 10 dBZ, 
reveals that the cloud population on 17 Dec 04 is statistically disjoint from the other 
cloud populations because of differences in characteristic time – in general the cloud 
populations on 14, 7, 11, 16, and 19 Jan 05 reach the specified thresholds more quickly 
than the population of clouds on 17 Dec 04. Figures 18 - 21 depict plots similar to those 
of Fig. 17 but for the 20 and 30 dBZ, 1 ZDR and 0.5 ε thresholds, respectively. These 
figures also show that cloud populations that are statistically distinct from the cloud 
population on 17 Dec 04 reach the specified thresholds more quickly than the clouds on 
17 Dec 04. Furthermore, the cloud populations that are not statistically distinct (Figs. 18c, 
19c, 20c,d, 21c,d,e) have relatively similar CT and CH. Notice that the cloud populations 
on 14 Jan 05 and 7 Jan 05 are significantly distinct from the cloud population on 17 Dec 
04 at all of the specified thresholds and have the largest differences in low-level wind 
speeds. 
The second trend observed in the data was in the population of clouds on 14 Jan 05 
at the 30 dBZ threshold. This population of clouds on 14 Jan 05 that reach the  
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30 dBZ threshold is statistically disjoint from the other cloud populations that reach the 
30 dBZ threshold. Figure 22 displays the scatterplots for CT versus CH at the 30 dBZ 
threshold for the cloud population on 14 Jan 05 compared to the 5 other cloud 
populations. The p values (displayed in the lower right hand corner of each panel) for the 
data depicted in Fig. 22 are very small (p < 0.085) with the exception of Fig. 22b, 
indicating the likelihood that each partition is disjoint is very high. The statistical results 
confirm the visual observations in Fig. 14d – the mean characteristic time and height at 
which the population of clouds on 14 Jan 05 reach the 30 dBZ threshold appears visually 
distinct from all of the other cloud populations at the 30 dBZ threshold. On average, the 
population of clouds on 14 Jan 05 reaches the 30 dBZ threshold at a higher altitude than 
the other cloud populations.  
It is also significant that the statistics table was not able to be completely filled in. 
Most of the population pairs that could not be statistically tested because cloud 
populations had too few members occurred at thresholds of 2 ZDR, 1 AZDR, and 0.7 ε. The 
inability to fill out the table at these thresholds indicates that not all cloud populations 
reach the specified thresholds. For the most part, only cloud populations that have the 
strongest low-level winds reach thresholds of 2 ZDR, 1 AZDR and 0.7 ε. 
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Chapter 4 
Discussion 
At first glance, the visual results seem to indicate that GCN are important for 
precipitation development. The CT versus CH scatterplots for the radar reflectivity factor 
thresholds (Fig. 23) show that on average precipitation development occurs more quickly 
in the population of clouds on 14 Jan 05 (fastest low-level wind speeds, largest 
concentration of GCN) than in any other population of clouds. Precipitation initiation 
took the longest on 17 Dec 04 (weak low-level wind speeds, small concentration of 
GCN). Interestingly, the other cloud populations also reach the specified ZH thresholds in 
order of fastest to slowest low-level wind speed with one very important exception: the 
population of clouds on 19 Jan 05 (slowest low-level wind speeds, smallest GCN 
concentration) reached the specified ZH thresholds at times which are comparable to the 
population of clouds on 14 Jan 05. The statistical results (Table 5, Fig. 24) show that the 
population of clouds on 14 Jan 05 and 19 Jan 05 are not statistically disjoint at the 10 and 
20 dBZ thresholds, despite having the largest difference in low-level wind speed and the 
largest difference in GCN concentrations. Cloud populations that are not statistically 
disjoint reach the specified thresholds around the same time and approximately the same 
height and can not be distinguished on the basis of GCN concentrations. If GCN were 
important for precipitation initiation, we would expect to see a shorter time for 
precipitation development with increased GCN concentrations. These results indicate that 
the rate of precipitation formation is independent of GCN concentrations.  
Other observations also indicate the lack of importance of GCN in precipitation 
development. First, the extremely large spread in the characteristic times on 17 Dec 04, 
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Figure 23. Same figure as 14d, just enlarged. 
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Figure 24. Scatterplots of CT vs CH comparing the populations of clouds on 14 Jan 05 and 19 Jan 05 at 10 dBZ(a), 20 dBZ (b), 30 
dBZ (c), 1 ZDR (d), 2 ZDR (e), and 0.5 ε (f) thresholds. 
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which range from 20 min to almost 180 min at the 10 dBZ threshold, cannot be explained  
by the GCN concentration alone and implies that other processes may be more important 
for precipitation formation. Another observation which degrades the importance of GCN 
for precipitation formation is the range in elevation at which individual cloud populations 
reach any of the specified thresholds. The spread in CH which can be seen in any of the 
CT versus CH scatterplots indicates that collision and coalescence occurs at all levels 
within the clouds and suggests that GCN are having little if any influence on the height at 
which precipitation formation occurs. 
Additionally, the statistical results from the comparison of the 30 dBZ population of 
clouds on 14 Jan 05 to all other cloud populations at the same threshold (Fig. 22) provide 
more evidence against GCN as the most important mechanism for warm rain initiation. In 
general, the clouds on 14 Jan 05 reach the 30 dBZ threshold at higher elevations within 
the cloud compared to most other cloud populations. The elevation distinction between 
these cloud populations indicates that updraft strength ties into the height at which the 
thresholds are reached and implicates the more important role of dynamics in warm rain 
formation. 
Past studies have found importance in updraft strength for precipitation formation. 
The effect of more intense updrafts would be to increase the peak supersaturation, leading 
to activation of more cloud droplets and small cloud droplets near cloud base (Twomey 
1959, Colόn-Robles et al. 2006). Colόn-Robles et al. (2006) showed that stronger 
updrafts were associated with stronger low-level winds during RICO and determined that 
updraft strength was a factor that influenced droplet concentrations and the production of 
large cloud droplets.  
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The updraft strength should also be influenced by the mesoscale cloud organization, 
as the forcing along the leading edge of a cold pool or outflow boundary would be more 
intense than the forcing associated with wind-parallel cloud streets. Figures 25 – 30 
display PPI images that were representative of the mesoscale cloud organization on each 
of the 6 days analyzed for this research. Figures 29 and 30 show the mesoscale cloud 
organization present on 17 Dec 04 and 19 Jan 05, respectively. On 17 Dec 04, the cloud 
field was characterized by wind-parallel cloud streets, whereas the mesoscale cloud 
organization on 19 Jan 05 consisted of shallow cumulus clusters and shallow cumulus 
clusters arranged in arc-shaped formations. Comparing the mesoscale cloud organizations 
on 14 Jan 05 and 19 Jan 05 (Figs. 25 and 30, respectively) reveals that both days were 
dominated by shallow cumulus clusters arranged in arc-shaped formations. These results 
imply that mesoscale cloud organization and subsequently the forcing associated with 
each system had a strong influence on the rate at which precipitation forms in shallow 
trade wind cumulus.  
The influence of GCN is not completely lost, however. With a few exceptions, only 
cloud populations on the strongest low-level wind speed days have the largest drops 
above cloud base. Some of the cloud populations associated with weak low-level winds 
do reach thresholds of 2 ZDR and 1 AZDR; however, their numbers are significantly 
diminished from the original cloud population and it was determined that these thresholds 
were reached after the 30 dBZ threshold – implying that these drops took their entire 
growth trajectory to become this large. The ZH and ZDR fields show better correlation 
(i.e., large values of ZH and ZDR occur at the same time and in the same region of the 
cloud) when low-level wind speeds are stronger. While the cloud populations on  
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Figure 25. Radar image showing mesoscale cloud organization on 14 Jan 05.  
 
 54 
 
Figure 26. Radar image showing mesoscale cloud organization on 7 Jan 05.  
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Figure 27. Radar image showing mesoscale cloud organization on 11 Jan 05. 
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Figure 28. Radar image showing mesoscale cloud organization on 16 Jan 05. 
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Figure 29. Radar image showing mesoscale cloud organization on 17 Dec 04. 
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Figure 30. Radar image showing mesoscale cloud organization on 19 Jan 05. 
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14 Jan 05 and 19 Jan 05 are not statistically significantly different at the 10 and 20 dBZ 
thresholds, the populations are statistically disjoint at the 2 ZDR threshold and the 0.5 ε 
threshold, indicating that GCN concentrations may be influencing the rain drop size 
distributions. 
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Chapter 5 
Conclusions 
Using dual-polarization data collected by the NCAR S-Pol radar during the Rain In 
Cumulus over the Ocean (RICO) field campaign this research investigated the 
microphysical evolution of trade wind cumuli focusing the initiation time and height of 
precipitation and on the potential role of giant nuclei in influencing the ZDR signal. The 
goals of this research are to: 1) investigate the characteristic time and height of warm rain 
formation in trade-wind cumulus using radar and 2) determine the sensitivity of 
precipitation development in shallow maritime cumuli to variations in giant (sea salt) 
condensation nuclei (GCN) and other factors such as cloud organization. 
The data set consisted of 76 trade wind cumuli that were tracked from early echo 
development through rainout over six days of the field project. Analysis days were 
chosen based on the results of Colόn-Robles et al. (2006) which show GCN 
concentrations are a strong function of near-surface wind speed. Each cloud was analyzed 
with the time-height section approach which displays the spatial and temporal evolution 
of the maximum equivalent radar reflectivity factor (Zm), maximum differential 
reflectivity (ZDRm), and the correlation between these two fields for each constant-
elevation sweepfile. Other radar quantities used in the time-height analysis include 
‘averaged' ZH (AZ) and ZDR (AZDR) values which are calculated for entire constant-
elevation angle sweeps through the cloud. A statistical analysis of the radar observables 
for the ensemble of trade wind clouds was performed in order to determine the statistical 
significance in the precipitation evolution that can be related to the initial giant aerosol 
concentration. 
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Our results show that a great deal of temporal and spatial variability exists in warm 
rain development. Precipitation was observed within 20 minutes of cloud formation; 
however, the average time for precipitation formation was also observed out to 80 
minutes. The large amount of spread in both the characteristic time and height for warm 
rain formation indicates that precipitation formation in shallow trade wind cumulus is 
influenced by many processes, which are not solely microphysical. Our results found that 
GCN have minimal influence on the rate of warm rain development in shallow trade wind 
cumuli. Rather, the statistical analysis and cloud mesoscale organization analysis 
indicates that precipitation formation in warm clouds is heavily influenced by the 
dynamical forcing associated with mesoscale cloud organization. The observations 
indicate that GCN influence is not completely lost, however. Larger drops were present 
above cloud base in conjunction with stronger low-level wind speeds. The ZH and ZDR 
fields show better temporal and spatial correlation with strong low-level wind speeds.  
 62 
References 
Albrecht, B. A., 1989: Aerosols, cloud microphysics and fractional cloudiness. Science, 
245, 1227-1230. 
Battan, L. J., 1953: Observations on the formation and spread of precipitation in 
convective clouds. J. Meteor., 10, 311 – 324. 
Betts, A. K., 1997: Trade cumulus: Observations and modeling. The Physics and 
Parameterization of Moist Atmospheric Convection, R. K. Smith, Ed., Kluwer 
Academic, 99-126.  
Caylor, I. J. and A. J. Illingworth, 1987: Radar observations and modeling of warm rain 
initiation. Quart. J. Roy. Meteor. Soc., 113, 1171 – 1191. 
Colόn-Robles, M., R. M. Rauber, and J. B. Jensen, 2006: Influence of low-level wind 
speed on droplet spectra near cloud base in trade wind cumulus. Geophys. Res. Lett., 
33, L20814. doi:10.1029/2006GL027487. 
Doviak, R. and D.S. Zrnic, 1993: Multiple – parameter measurements of precipitation. 
Doppler Radar and Weather Observations, Academic Press, 562 pp. 
Göke, S., H. T. Ochs III, and R. M. Rauber, 2007: Radar analysis of precipitation 
initiation in maritime versus continental clouds near the Florida coast: Inferences 
concerning the role of CCN and giant nuclei. J. Atmos. Sci., 64, 3695 – 3707. 
Giuli, D., M. Gherardelli, A. Freni, T. A. Seliga, K. Aydin, 1991: Rainfall and clutter 
discrimination by means of dual-liner polarization radar measurements. J. Atmos. and 
Oceanic Technology, 8, 777 – 789.  
Illingworth, A. J., J. W. F. Goddard, and S. M. Cherry, 1987: Polarization radar studies of 
precipitation development in convective storms. Quart. J. Roy. Meteor. Soc., 113, 
469 – 489. 
Illingworth, A. J., 1988: The formation of rain in convective clouds. Nature, 336, 754 –
 756.  
 63 
Inman, R. L., 1969: Computation of temperature at the lifted condensation level. J. Appl. 
Meteor., 8, 155 – 158. 
Johnson, D. B., 1979: The role of coalescence nuclei in warm rain initiation. Ph.D. thesis, 
The University of Chicago, 119 pp. [NTIS-PB-298556/AS]. 
Johnson, D. B., 1982: The role of giant and ultragiant aerosol particles in warm rain 
initiation. J. Atmos. Sci., 39, 448 – 460.  
Johnson, D. B., 1993: The onset of effective coalescence growth in convective clouds. 
Quart. J. Roy. Meteor. Soc., 119, 925 – 933. 
Knight, C. A. and L. J. Miller, 1993: First radar echoes from cumulus clouds. Bull. Am. 
Meteorl. Soc.,74, 179 – 188.  
Knight, C. A. and L. J. Miller, 1998: Early radar echoes from small, warm cumulus: 
Bragg and hydrometeor scattering. J. Atmos. Sci., 55, 2974 – 2992. 
Knight, C. A., J. Vivekanandan, S. G. Lasher-Trapp, 2002: First radar echoes and the 
early ZDR history of Florida cumulus. J. Atmos. Sci., 59, 1454 – 1472. 
Knight, C. A., L. J. Miller, R. A. Rilling, 2008: Aspects of precipitation development in 
trade wind cumulus revealed by differential reflectivity at S band. J. Atmos. Sci., 65, 
2563 – 2580.  
Laird, N. F., H. T. Ochs III, R. M. Rauber, L.J. Miller, 2000: Initial precipitation 
formation in warm Florida cumulus. J. Atmos. Sci., 57, 3740 – 3751. 
Lasher-Trapp, S. G., C. A. Knight, and J. M. Straka, 2001: Early radar echoes from 
ultragiant aerosol in a cumulus congestus: modeling and observations. J. Atmos. Sci., 
58, 3545 – 3561.  
Mielke, P. W., Jr., K. J. Berry, and G. W. Brier, 1981: Application of multi-response 
permutation procedures for examining seasonal changes in monthly mean sea-level 
pressure patterns. Mon. Wea. Rev., 109, 120 – 126. 
 64 
Nuijens, L., B. Stevens and A. P. Siebesma, 2009: The environment of precipitating 
shallow cumulus convection. J. Atmos. Sci., 66, 1962 – 1979. 
Ochs, H. T., and R. G. Semonin, 1979: Sensitivity of a cloud microphysical model to a 
urban environment. J. Appl. Meteorol., 18, 1118 – 1129. 
Oye R., C. Mueller, and S. Smith, 1995: Software for radar translation, visualization, 
editing, and interpolation. Preprints, 27th Conf. on Radar Meteorology, Vail, CO, 
Amer. Meteor. Soc., 359 – 361. 
Paluch, I. R. and C. A. Knight, 1986: Does mixing promote cloud droplet growth? J. 
Atmos. Sci., 43, 1994 – 1998. 
Pincus, R. and M. C. Baker, 1994: Effects of precipitation on the albedo susceptibility of 
clouds in the marine boundary layer. Nature, 372, 250 – 252. 
Rauber, R. M., H.T. Ochs III, L. Di Girolamo, S. Göke, E. Snodgrass, B. Stevens, C. 
Knight, J. B. Jensen, D. H. Lenschow, R. A. Rilling, D. C. Rogers, J. L. Stith, B. A. 
Albrecht, P. Zuidema, A. M. Blyth, C. W. Fairall, W. A. Brewer, S. Tucker, S. G. 
Lasher-Trapp, O. L. Mayol-Bracero, G. Vali, B. Geerts, J. R. Anderson, B. A. Baker, 
R. P. Lawson, A. R. Bandy, D. C. Thornton, E. Burnet, J-L. Brenguier, L. Gomes, P. 
R. A. Brown, P. Chuang, W. R. Cotton, H. Gerber, B. G. Heikes, J. G. Hudson, P. 
Kollias, S. K. Krueger, L. Nuijens, D. W. O'Sullivan, A. P. Siebesma, C. H. Twohy, 
2007a: Rain in shallow cumulus over the ocean – the RICO campaign. Bull. Am. 
Meteorol. Soc., 88, 1912-1928. 
Reiche, C. K. H. and S. G. Lasher-Trapp, 2010: The minor importance of giant aerosol to 
precipitation development within small trade wind cumuli observed during RICO. 
Atmos. Res., 95, 386 – 399.  
Siebesma, A. P., 1998: Shallow cumulus convection. Buoyant Convection in Geophysical 
Flows, E. J. Plate el al., Eds., Kluwer Academic, 441 – 486. 
 65 
Snodrass, E. R., L. Di Girolamo, and R. M. Rauber, 2009: Precipitation characteristics of 
trade wind clouds during RICO derived from radar, satellite, and aircraft 
measurements. J. Appl. Meteor. Clim., 48, 464 – 483. 
Stevens, B., 2005: Atmospheric Moist Convection. Annu. Rev. Earth Planet. Sci., 33, 
605 – 643.  
Szumowski, M. J., R. M. Rauber, and H. T. Ochs III, 1999: The microphysical structure 
and evolution of Hawaiian rainband clouds. Part III: A test of the ultragiant nuclei 
hypothesis. J. Atmos. Sci., 56, 1980 – 2003.  
Twomey, S., 1959: The nuclei of natural cloud formation: The supersaturation in natural 
clouds and the variation of cloud droplet concentration. Geofis. Pura. Appl., 43, 243 – 
249. 
Twomey, S., 1974: Pollution and the planetary albedo. Atmos. Envir., 8, 1251 – 1256.  
Woodcock, A. H. and M. M. Gifford, 1949: Sampling atmospheric sea salt nuclei over 
the ocean. J. Mar. Res., 8, 177 – 197. 
Woodcock, A. H., 1953: Salt nuclei in marine air as a function of altitude and wind force. 
J. Meteorol., 10, 362 – 371. 
Xue, H., G. Feingold, and B. Stevens, 2008: Aerosol effects on clouds, precipitation, and 
the organization of shallow cumulus convection. J. Atmos. Sci., 65, 392 – 406.   
